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FOREWORD 
This repor t  is the Task I Summary Report  for  Contract NAS 3 - 8 5 2 2 :  
"Study of Asbestos for  Electrochemical Cells". This project  has  the goal of 
character iz ing the Johns Manville Fuel  Cell Grade Asbestos present ly  used in 
electrochemical cel ls ,  and to examine other asbes toses  and different inorganic 
fibrous mater ia l s  in sea rch  for  a superior  ma te r i a l  f o r  cell  separa tor  appli- 
cation. 
Task I1 will be the study of the other mater ia l s .  The Task I effort, which is  
summarized in this report ,  represents  approximately one half of the p rogram 
effort  and correspondingly represents  about a six-month effort of the total  
one-year program.  
Task I of this project was the study of the Johns Manville asbes tos ;  
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INTRODUCTION 
This program i s  concerned with the testing of "Fuel Cell Asbestos" 
and of selected al ternate  mater ia l s  for  use as the electrolyte ma t r ix  in a 
fuel cell .  
is a lmost  ideal in some respects ,  there  a r e  other proper t ies  which limit the 
cel l  performance. 
property of the mater ia l  which per ta ins  to i t s  function as a matrix mater ia l .  
Many of the tes t s  a r e  intended to reveal the magnitude of property variations 
r a the r  than absolute values. 
Although the Arizona chrysotile which constitutes Fuel  Cell Asbestos 
Each of the tes t s  specified r e l a t e s  to a physical o r  chemical 
It i s  anticipated that the tes t s  comprising this p rogram will con- 
tr ibute to an  explanation for the failures of the mater ia l  in service,  aid in 
formulating a prel iminary testing and mater ia l s  selection program,  and 
contribute guidance to the search  for improved mater ia l s .  
The first p a r t  of the program comprises  the t e s t s  of chrysotile fuel 
cell  asbestos .  
asbes tos  and to selected inorganic synthetic f ibrous mater ia l s .  
recommendations will be made for  improvement of the mater ia l s  available for  
matrix application. 
In the second par t ,  s imilar  tes t s  a r e  to be applied to modified 
Where justified, 
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MANUFACTURE O F  FUEL CELL ASBESTOS 
The paper and millboard manufactured by Johns Manville fo r  fuel cel l  
use  i s  Arizona chrysotile.  
Johns Manville must  buy i t  from an independent sole source.  
is, therefore ,  unable to control to i t s  satisfaction the quality and uniformity 
of the raw-mater ia l .  
Not possessing any natural  deposits of this mater ia l ,  
Johns Manville 
The raw chrysotile is  processed a t  the paper mill at Tilton, New 
Hampshire.  
of Quinterra  chrysotile paper and millboard for cr i t ical  application as  elec- 
t r i ca l  insulator mater ia l .  
plant is uniquely capable of producing asbestos  sheet of the quality required 
f o r  fuel cell  use.  They a r e  a l so  convinced, however, that  the asbestos ,  being 
a na tura l  f iber not subject to adequate control, i s  too variable in propert ies  
to be a component in a successful commercial  fuel cell .  There is ,  therefore,  
no economic motivation for  their  engagement in developmental work to improve 
the fuel cell  asbestos .  It i s  being produced by s t r ic t ly  conventional techniques 
as an  accommodation to the customers  engaged in fuel cell  development. 
Currently,  the cus tomers  a r e  subjecting the mater ia l  to 100% inspection and 
m u s t  re jec t  about one-half of the mater ia l  a s  unsuitable. 
This is a super-clean plant, planned and built for the manufacture 
Johns Manville personnel a r e  satisfied that this 
The plant si te a t  Tilton was selected because a lake there  provided 
an  abundant supply of water of acceptable purity. 
population development in the region has  increased the contamination level in 
the water .  
growth of algae, and i t  has  become necessary  to add chemical suppressants  t o  
the water  used in processing asbestos .  The water  pollutants and the additives 
will appear  in the final paper ,  and although they have not been detr imental  to 
the performance of Quinterra e lectr ical  insulation, they may very  well intro- 
duce new problems in fuel cell development. 
However, in recent  yea r s ,  
Sanitary waste mater ia l s  have increased the water fert i l i ty for  
The raw chrysotile is crushed and ground until the desired fiber length 
and separation is attained. 
of about 0.  5'7'0 solids. A drum with wire  m e s h  periphery,  rotating partially 
submerged in the s lur ry ,  picks up a thin layer  of f i be r s .  Water inside the drum 
i s  continuously pumped out to maintain a hydraulic p r e s s u r e  differential by 
vir tue of which the inward flow of s l u r r y  occurs .  
It i s  then dispersed in pure water  to form a s l u r r y  
2 
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In the manufacture of paper, the layer  of f ibers  is t ransfer red  to a 
traveling wool felt belt, and by a repetition of similar t ransfers ,  a layer  of 
desired thickness is accumulated on the belt.  
pressing rol ls ,  the asbes tos  layer is lifted f rom the wool felt, passed through 
a d r i e r  and finally rolled on a mandrel.  
It is then passed through 
The manufacture of millboard is somewhat different. The p r i m a r y  
layer  of f ibers  is t ransfer red  to a wool belt and immediately t r ans fe r r ed  to a 
rotating drum, on which a sufficient thickness i s  allowed to accumulate. The 
layer  i s  then cut and stripped from the roll ,  placed flat on a metal  t ray ,  and 
dr ied in a n  oven. 
The paper is compacted by press ing  ro l l s ;  the millboard is not. 
The manufacturing operations tend to establish an orientation of f ibers  
tangent to the rotating drum surface. 
s i le  tes t s  to be described la te r .  
e r e c t  f r o m  the felt surface,will cause small holes in the asbes tos  mat. 
holes may appear in the final paper o r  millboard.  
This orientation is revealed in the ten- 
Another effect is that wool f ibers ,  standing 
These 
It is usually t rue  that the paper o r  millboard obtained ear ly  in the 
production run is  different f rom the res t .  
water ,  containing extreme fines, is recycled. The concentration of fines 
gradually attains a constant level when their  incorporation in the mat is balanced 
by the ra te  of supply in new fibers. 
fine, short  f ibers  in the finished sheet i s  low at the s t a r t  of a run and inc reases  
gradually to a level which pers i s t s  to the end of the run. 
One contributory factor is  that the 
Consequently, the concentration of very  
3 
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EXPERIMENTAL PROGRAM 
The chrysotile sheet stock to be tested was selectec f rom the ware-  
house stocks on hand a t  the Johns Manville Tilton plant. 
cut f rom the leading end of a roll of 20-mi l  paper;  another similar lot, f r o m  the 
trail ing end. 
a production run; another lot  f rom the end of the same run. 
were  given special c a r e  in handling and were  specially packaged to prevent 
damage during shipping. 
One 25-sheet lot was 
One 25-sheet lot of 60-mil millboard was cut f rom the s t a r t  of 
These four lots 
Upon receipt at TRW, the four lots were  identified numerically as 
follows: 
1000 s e r i e s  - 60 mil mil lboard-star t  of run 
2000 s e r i e s  - 60 mil millboard-end of run 
3000 s e r i e s  - 20 mil paper - start of run 
4000 s e r i e s  - 20 mil paper - end of run 
F r o m  each of the lots,  5 sheets  were  selected a t  random and identified numer-  
ically, for  example, 1100, 1200, 1300, 1400, 1500. Each sheet was then cut 
into sections and identified for testing ( 1  101, 1102, etc.  ). In each case ,  a 
one-inch margin was t r immed f r o m  each edge of the sheet in o rde r  to remove 
material that may have suffered physical damage. 
then used for  some of the t e s t s  of proper t ies  that a r e  independent of fiber 
packing . 
These t r immed edges were  
i 
' The chrysotile paper and millboard were  tested to yield, insofar 
as  possible, quantitative values for the physical and chemical proper t ies  which 
per ta in  to their  performance as  an electrolyte ma t r ix  material. These tes t s  
ranged f rom tes t s  of the basic mater ia l  and fiber propert ies  to studies of the 
behavior of the saturated mat in an electrolytic conductor. 
Specifically, the tes t s  were the following: 
4 
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As be stos F iber  P rope r  tie s : 
Chemical Analysis 
Photographic and electron micrographic examination 
Surface a r e a  measurements  
Dry Mat Propert ies :  
Tensile tes t  
Permeabi l i ty  to gas 
Density 
Thickness variation 
P o r e  s ize  distribution 
Wet Mat Proper t ies  ( W e t  with KOH electrolyte) 
Ele c t r olyte abs  orp tion and retention 
Electrolytic conductivity of saturated ma t  
Permeabi l i ty  to gas 
Chemical Degradation Tests  
Electrochemical  De gradation Tests  
5 
TESTS AND RESULTS 
A. Asbestos Proper t ies  
Chemical analysis .  - Two oven-dried chrysotile specimens were 
analyzed by standard wet methods. 
e r a l  hours with hydrochloric acid and fi l tered.  
weighed, and heated with HF  to volatilize the si l ica.  After weighing, the non- 
volatile residue was dissolved in HC1 and added to the f i l t ra te  containing the 
acid solubles. 
NH4C1 and ignited. 
and ignited, and magnesium was precipitated as the ammonium phosphate 
and ignited. 
constituents Fe ,  Al, e tc .  
The specimens were  digested for sev- 
The residue was ignited, 
The i ron group ions were double-precipitated with NH40H- 
F r o m  the fi l trate,  calcium was precipitated as oxalate 
No attempt was made to resolve the R 2 0 3  group into the usual 
Following a r e  the resul ts  of this analysis: 
Specimen 
No. 1 No. 2 
S i02  41. 86% 42. 14% 
MgO 42.78 42. 80 
CaO 2. 19 1. 70 
Fe203 0. 85 0. 87 
The remainder  (about 12%) is water which can be driven off by high tempera ture  
t rea tment .  
Photographicand electronmicrographic examination. - A piece of 
black vinyl "Electricians" tape was p re s sed  lightly against  the sur face  of a 
piece of the 60-mil millboard,  and the f ibers  adhering to the surface were  
photographed at 1OX (Figure  1). There a r e  visible many very  fine fiber 
bundles, severa l  evident s ta lks  of unresolved f ibers ,  and severa l  wads of 
v e r y  fine fibers.  
The electron micrographic specimen was prepared  by impressing the 
p las t ic  repl ica  ma te r i a l  against  an asbes tos  sheet. F i b e r s  of the asbes tos  w e r e  
retained by the plastic.  The replica sheet was shadowed with chromium on c a r -  
bon at about 20" angle. The photographs (F igure  2) made a t  20, OOOX reveal 
that  f ibers  of 0. 01  mil diameter  a r e  bundles of many sma l l e r  f ibers .  These 
photographs do not pe rmi t  an estimate of ult imate fiber diameter ,  but they do 
suggest  the enormous porosity potential of the natural  mater ia l .  
6 
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F.igure 1. Chrysotile asbestos  f ibers ;  , lox  
7 
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Figure 2. Electronmicrograph of chrysotile f ibers ;  20, OOOx 
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Surface a r e a  measurements .  - These measurements  were  made with 
the Perk in  E lmer  Sorptometer,  Model 212B. The instrument  was stan- 
dardized against  mater ia l s  obtained f rom American Instrument Co. and 
standardized by the Bone Char Research  Pro jec t ,  Inc. (originated by The 
National Bureau of Standards).  
reported by the Bone Char Project  and the values obtained by TRW Inc. 
Following a r e  the average surface a r e a s  
Bone Char Pro jec t  TRW 
2 Reference Absorbent No. 2 
Reference Absorbent No. 6 69. 2 75. 6 
Reference Absorbent No. 8 560 5 15 
10. 3 m 2 / g m  10. 38 m / g m  
The TRW values compare favorably with the span of values upon which the 
Bone Char Pro jec t  averages a re  based. 
One specimen of each of the asbes tos  stocks yielded the following 
values.  
Specimen Number Surface Area  
1200 
2400 
3 100 
4100 
50.7 m 2 / g m  
48. 5 
55. 5 
48. 3 
These values a r e  in very close agreement ,  and they indicate that the property 
i s  not significantly dependent on the var iables  in the p rocesses  of converting 
suspended chrysotile pulp into paper and millboard.  
B. Dry Mat Proper t ies  
Tensile tes ts .  - Tensile t e s t s  were  performed on an Instron Tensile 
Tes t e r .  
provide a gage length of 1 inch. 
The specimens were  die-cut rectangles ( 2  x 3 inches) mounted to 
Cross-head speed was 0.  50 inch per  minute. 
In one se t  of tes t s ,  one specimen was taken from each of twenty t e s t  
sheets .  
2000, 3000, and 4000 se r i e s .  The tensile specimens were  cut at random angles 
with respec t  to the processing direction of the mater ia l .  
summar ized  in Table 1 and the load-elongation curves  are  presented, super -  
There were  five sheets each  of the mater ia l  designated as  1000, 
The resu l t s  a r e  
9 
Table 1 - Tensile Tests 
Specimen No. 
1100 
1200 
1300 
1400 
1500 
2100 
2200 
2300 
2400 
2 500 
3100 
3200 
3300 
3400 
3500 
4100 
4200 
4300 
4400 
4500 
Loading Angle 
45 O 
0 
30 
50 
20 
60° 
30 
45 
90 
0 
0 
0 
45 
45 
90 
0 
45 
45 
90 
0 
Load (lbs.)* 
21.675 
18.975 
16.575 
19 -80 
19.675 
10.05 
9 0475 
16.95 
10.75 
10.75 
6.625 
6.650 
7.25 
8.90 
6.325 
6.05 
6.725 
7.35 
6.95 
6.175 
* This is maximum load for specimens with a cross-sectional area 
of 2 inches times the thickness of the asbestos mat (0.055" for 
the 1000 and 2000 series specimens and 0.020" for the 3000 
and 4000 series). 
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imposed, in Figures  3, 4, 5, and 6. F o r  the 20-mil paper ,  the values of 
load a t  failure and the curve shapes a r e  reasonably similar. F o r  the 60- 
mi l  millboard, however, the values of load-at-failure differ widely, and the 
elongation curves reveal  different modes of failure.  Some specimens failed 
after moderate  extension while others stretched much m o r e  before fa i lure .  
These tes t s  did not reveal  a clear relationship between mode of fa i lure  and 
angle of loading relative to processing direction. 
A second se t  of t e s t s  was conducted to clarify the influence of direction 
of loading on the shape of the elongation curves.  
sheets  of the same stock (2000 se r i e s )  were  cut into specimens.  One sheet  
(270 1) furnished nine specimens,  a l l  with the loading direction paral le l  to 
the processing direction. The other sheet furnished six specimens para l le l  
(2702A) and four specimens t ranverse  (2702B) to the processing direction. 
The elongation curves for  these tes t s  a r e  presented in superimposed groups 
in F igures  7 ,8 ,  and 9.  
because the specimen slipped in the gr ips  during tes t ;  1 
Two presumably s imi la r  
(Two curves a r e  omitted; they were  unsatisfactory 
The curves reveal  that loading in the t r ansve r se  direction causes  
about 0.  07 inch extension before abrupt  failure.  Loading in the paral le l  
direction causes  about 0.  15 inch extension at a much lower s t r e s s  level. 
probably ref lects  a preferent ia l  orientation of the asbes tos  f ibers  para l le l  to 
the processing direction. 
slippage between the paral le l  oriented f ibers .  
of the f ibers  occurs .  
is rol l -compressed,  there  i s  not a similar dependence of failure mode on angle 
of loading. 
This 
Para l le l  loading apparently involves considerable 
In t r ansve r se  loading, l e s s '  slippage 
It i s  interesting that in tear ing of the 20-mil paper ,  which 
Density and porosity.  - True volume of the specimens was measured  
with the Beckmann Air-Comparison Pycnometer .  
this  instrument intrudes air into all the open porosity of the specimen and, 
thereby, determines the density of the asbes tos  f ibers .  The instrument  was 
standardized against  the two steel  balls furnished by the manufacturer,  and the 
z e r o  e r r o r  was determined immediately p r io r  to measurement  of each specimen. 
The technique employed by 
One l a rge  specimen of each sample lot of asbes tos  was measured ,  and 
the data a r e  recorded below. 
11 
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Figure 3. Tensile test results of 60-mil asbestos board (1000 series)  
taken at various angles with respect to the processing 
direction. 
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Figure 4. Tensile tes t  results of 60-mil asbes tos  board (2000 s e r i e s )  
taken a t  various angles with respect  to the processing d i r -  
e c tion. 
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Figure 5. Tensile tes t  resul ts  of 20-mil asbestos  paper (3000ser ies)  
taken a t  various angles from the processing direction. 
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Figure 6. Tensile t e s t  resul ts  of 20-mil asbes tos  paper (4000 s e r i e s )  
taken at various angles f r o m  the processing direction. 
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Figure 7 .  Tensile test results of nine parallel samples from a sheet 
of 60-mil asbestos board (specimen 2701) all taken parallel 
to the processing direction. 
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Figure  8. Tensile tes t  resul ts  of four similarly-oriented samples  f rom 
a sheet of 60-mil board (specimen 2702) all taken paral le l  to 
the processing direction. 
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Figure 9 .  Tensile test results of three samples taken from the same 
sheet of material a s  referred to in Figure 8 (specimen 2702) 
but these specimens were taken transverse to the processing 
direction of the asbestos board. 
18 
TRW EQUIPMENT LABORATORIES 
Specimen Weight, gm Volume (Corrected) ,  cc  Density g / c c  
1000 25. 2270 
2000 20.4995 
3000 15. 0466 
4000 14. 6849 
9 .  26 
7. 55 
5. 51 
5. 32 
2. 724 
2.715 
2.731 
2.760 
Thus, the asbes tos  used to make the millboard (1000 and 2000 se r i e s )  appear  
to be slightly l e s s  dense than that used in the paper (3000 and 4000 ser ies) .  
F o r  estimation of the percentages of theoretical  density of the dry  
sheet  mater ia l ,  severa l  sheets  of each specimen se r i e s  were  weighed, and 
the densit ies were  calculated from the geometric volume. 
ulated below reveal  that the paper is slightly more  dense than the millboard 
as  a resu l t  of the rolling operation experienced by the paper in its manufacture. 
The data tab- 
60- mil millboa rd  20-mil paper  
1000 2000 3000 4000 
Specimen Ser ies  
0. 0205 0.  0196 Average sheet thickness (in. ) 0. 0550 0. 0480 
Number of sheets weighed 3 3 5 5 
141. 1 Total weight (g)  214. 0 181. 3 145.8 
Geometric volume ( cm3) 253 2 2 1  157. 2 150. 4 
Density (g/  cm3) 0. 847 0. 820 0 .928  0.939 
2.724 2.715 2. 731 2.760 Density (air pyc. )g/  c m  3 
70 Density 31. 1 30. 2 34.0 34. 1 
These data show that the 20-mil paper is about 6670 porous in the dry  
mat state whereas  the 60-mil mater ia l  is about 7070 porous. 
sa tura ted  state,  however, the mats expand considerably, so the porosity 
of the asbes tos  mats in the cell  environment will be considerably higher than 
that  measured  in the dry state.  
In the electrolyte- 
19 
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Gas permeabili ty.  - Permeabili ty of the d r y  specimens was measured  
This a s  an  incidental pa r t  of ' tes t ing the wet specimens for gas  permeabili ty.  
test ,  and the apparatus,  is described in m o r e  detail  l a te r .  
Generally, air flow through the d ry  specimen, as indicated by a bubbler, 
began when the p r e s s u r e  gradient was l e s s  than 1 inch of water.  
instances,  the flow r a t e  was measured at  increasing p r e s s u r e s  until the 
bubbler became unreliable a s  a ra te  indicator.  
10. 
In severa l  
These data a r e  plotted in F igure  
The porosity of the specimen can be descr ibed satisfactorily,  within the 
effective range of u se  of the bubbler in t e r m s  of the slope of the ra te -versus-  
p r e s s u r e  curve.  The slopes of these curves for the d r y  specimens a r e  given 
in Table 2. 
Note that where measurements  were  made over a small  p r e s s u r e  range 
on specimens 2100 and 2500, the calculated flow ra te /pressure  ra t ios  were  
fair ly  constant. On the contrary,  the ra t ios  for the 4200, 4300, and 4400 s e r i e s  
increase  markedly with slight increase in p re s su re .  
permeabili ty can be descr ibed by a single ra t io  value at low p res su re ,  whereas  
the rat io  for  the 20-mil paper cannot. 
Thus, the millboard gas  
Thickness variation. - Measurements of thickness were  made  with a 
Fede ra l  Dial gage instrument,  equipped with a 0.  5-inch diameter  foot and dead- 
weighted for  a p r e s s u r e  of 5 lbs.  / s q .  inch. 
to prevent  arching of the specimen. 
was lowered gently to the specimen sur face  to  prevent crushing the mat by im- 
pact.  
at random. 
This p r e s s u r e  seemed adequate 
In making a measurement ,  the gage foot 
Each specimen piece was measured  at four different  locations chosen 
The resu l t s  a r e  presented graphically in Figure 11. 
It is evident that the paper i s  m o r e  uniform than the millboard.  
probably ref lects  the fact  that the paper i s  compressed  whereas  the  millboard 
is not. Also, the actual thickness of the paper is quite near  the nominal value, 
while the millboard, which is nominally 1/ 16" thick (or  0.  0625 inch), is actually 
about 0. 055 inch. 
This 
One may reasonably assume that the data fo r  the paper a r e  representa-  
t ive,  but no such interpretation may be accepted f o r  the millboard.  
board thickness depends mainly on the quantity of fiber accumulated on the 
d r u m  surface for each sheet. 
that  the measured  thickness of asbestos i s  not pertinent to fuel cell  appli- 
cation, but ra ther  the weight per unit a r e a  may be a preferable  index of the 
quantity of fiber being provided between the electrodes.  
The mill- 
These observations may justif9 the postulation 
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2.0 
I* 5 
BUBBLES 
PER 
SECOND 
I *  0 
0 
*020" PAPER 1/16'' MILL BOARD 
-2  
- 
-4 
PSI  
*6  
Figure  10. The relationship of air permeation ra te  and p r e s s u r e  
differential a c r o s s  20-mil and 60-mil thick d ry  asbestos  
mats. 
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Table 2 Gas Permeability of Dry Asbestos 
Specimen No. 
1 2  O O a  
1 2  OOb 
1300 
1400 
1500 
2100a 
2100b 
2500 
3400 
4200a 
4200b 
43 00 
+ 
4400a 
4400b 
4500 
.II 
+ 
N e t  Pr es sur e Flow Rate* 
(psi) (Bubbles/Second) 
, 040 
-140 
-068 
-061 
3.577 
-036 
,324 . 504 
3.528 
.032 . 140 
-324 . 504 
. 047 
-036 
-036 . 144 . 032 
.03 6 . 054 
.OS0 . 144 
,032 . 144 
-032 
.053 
0333 . 100 
.043 
714 
,167 
1.250 
2 , 000 
1,111 
,040 
0625 
1.250 
2 . 000 
.500 
-167 
.200 
2 . 000 
,909 
1.428 
3 0333 
.312 
1.667 
-007 
2.000 
0167 
* This i s  an a r b i t r a r y  r e l a t i v e  f l o w  rate through a 1-1/4 inch 
diameter c i r c u l a r  area of the mat, 
Rat io  
Flow Rate 
psi 
1.32 
2.36 
1.47 . 71 
020 
4.64 
3 -86 
3.97 
31 
1.25 
4.46 
3.86 
3.97 
10.63 
4.64 
5.56 
13 . 90 
28 -41 
39, 65 
61i72’. 
6.24 
11 -58 
022 
13.90 
5.22 
22 
.057 
,055 
,05 3' 
(0 
,051' 
Y 
I 
0 
I- 
.047 
,045 
I I ' I  
SPECIMEN IDENTITY 
024" 
02z1 
02d' 
018" 
Figure 1 1 .  Range of thicknesses measured in 8 - 1 / 2  x 11-inch sheets 
of 60-mil asbestos board (1000 and 2000 series) and 20- 
mil asbestos paper (3000 and 4000 series).  
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C. Mat ProDerties - Wet with KOH 
Electrolytic absorption and retention. - This t e s t  cal ls  for  a measure-  
ment of the ratio by weight of 40% KOH solution required to sa tura te  the chry- 
sotile specimen. 
of 25G for 2 minutes, and the loss of KOH solution is determined. We learned 
immediately that the saturated chrysotile paper o r  millboard is much too fragile 
to survive the manipulations specified by Cooper and Fleischerh:. They recom- 
mend that the over-saturated specimen be carefully drawn a c r o s s  the clean 
surface of a g lass  plate until i t  ceases  leaving a trail of droplets  of solution. 
However, the saturated chrysotile has  not sufficient coherence and too much 
adherence to the plate, and it invariably t ea r s .  
The saturated specimen is then subjected to an accelerat ion 
In the procedure we adopted, the d r y  specimen is placed on a rectangle 
of nichrome sc reen  slightly longer and wider than the specimen. 
weighed in a previously weighed plastic cup, to the cover of which is fastened 
a folded disk of fi l ter  paper .  The specimen, on the screen, is then placed in 
a shallow puddle of KOH solution and permit ted to  become saturated b y  upward 
capillari ty.  We hope, by this procedure,  to prevent entrapment of air pockets 
within the specimen. When the upper surface appears  saturated,  severa l  d rops  
of additional KOH solution a r e  placed on the specimen, and af te r  the surface 
excess  is absorbed, the specimen (still on the wire  screen)  is placed on a sheet  
of d r y  f i l ter  paper and moved repeatedly to a new d ry  location until’ the f r ee  
excess  electrolyte has been t ransferred.  With careful  handling, the f i l ter  
paper touches only the lower surface of the supporting screen,  and therefore  
presumably absorbs  only the free  liquid. 
Both a r e  then 
The saturated specimen, with i t s  support screen,  is weighed again 
inside the covered plastic cup (F igure  12). 
of 25G for two minutes and returned to the weighing cup. A piece of the 
weighkd filter paper is used to swab out the specimen holder and recover  
any KOH solution adhering to the specimen chamber walls; this  piece of filter 
paper  is placed in the cup and weighed with the specimen. F r o m  the severa l  
weighings, we der ive the weight of the d ry  specimen, the saturated specimen, 
and the liquid retained during the centrifuge t reatment .  
It is then subjected to accelerat ion 
A low speed centrifuge was built f rom a motor,  speed reducer ,  and 
s tandard Unistrut  channel and brackets.  
mo to r  reducer  unit, the beam, specimen support bracket,  and counter weights 
w e r e  mounted. 
bracke t  was  then adjusted to place the specimen at the proper  distance (17. 4 2  
c m )  f rom center .  The centrifuge, without its protective shield, is shown in 
F igu re  13. 
Based on the nominal speed of the 
Then the ro ta ry  speed was measured  at 358 rpm.  The specimen 
aJ. E. Cooper and A. Fleischer ,  editors,  Character is t ics  of Separators  for 
Alkaline Silver Oxide Zinc Secondary Bat ter ies ,  Air F o r c e  Aero Propulsion 
Laboratory,  1964, ASTA N64- 300 13. 
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Figure  12. Specimen and holder for electrolyte absorption and 
retention tes ts .  
25 
Figure 13. Centrifuge for electrolyte retention t e s t s .  
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I -  The data f rom these t e s t s  is summarized in Table 3 .  Despite the fact  
that specimens f rom each s e r i e s  were  picked at random, the data a r e  reasonably 
coherent. The ratio of electrolyte required to saturate  the 60-mil millboard 
i s  significantly grea te r  than that required for the 20-mil paper .  However, the 
saturated millboard consistently loses  a small amount of the electrolyte under 
25G acceleration, where the loss  by the paper i s  practically zero.  
Perhaps the most  interesting aspect  of these resu l t s  is that the millboard 
absorbs  about 5. 7 t imes  its weight: the paper,  only 3 .  8 t imes  i t s  weight. 
difference is probably attributable to the fact that the paper is compressed by 
rolling whereas  the millboard i s  not. 
tion of the KOH solution whereas the paper is apparently res t ra ined  by the c loser  
interlocking of f ibers  induced by p res su re  rolling. 
This 
The millboard swells f reely upon absorp-  
Liquid permeability. - This tes t  procedure was based on the description 
by Cooper and Fleischer  with several  modifications. 
measuring the ra te  of water  flow through a known face a r e a  of the specimen 
under a known p r e s s u r e  differential. The specimen is mounted against  a sup- 
porting screen ,  and a c i rcu lar  a r e a  (1/  2 inch d iameter )  is exposed to the water .  
F r o m  the chamber behind the specimen, a glass  tube extends vertically about 
4 feet. Near i t s  top a r e  two reference m a r k s  10 c m  a p a r t  and containing 1. 120 
ml of water  between them. 
F igure  14. 
The t e s t  consists in 
These features  a r e  presented schematically in 
The specimen of sheet o r  millboard is cut about 1 inch in diameter  to 
The 
provide a rim a r e a  for mounting. 
waxto  effect a positive sea l  to prevent liquid leakage through the edges. 
specimen was mounted loosely in the holder and then saturated with water,  
a f t e r  which the clamping ring was secured tightly. 
with water,  coupled to the vertical  g lass  water column, and immersed  to a 
pre-determined depth in a beaker filled to  overflowing with water .  
re fe rence  m a r k s  on the column were thus 114.4 c m  and 124.4 c m  (average = 
119.4 cm)  above the level of water in the filled beaker.  
This r im was saturated with melted paraffin 
The holder was then filled 
The two 
The vertical  column was then filled with water ,  and the t ime required 
for  the surface level to  fall between the reference m a r k s  was measured.  All 
the dimensions in the t e s t  a r e  a rb i t ra ry ,  therefore,  the method can se rve  
only as a means of comparing specimens. 
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Table 3 - E l e c t r o l y t e  Absorption and Retent ion  Under 25 G Accelera t ion  
Spec. No. 
1100 
1200 
1300 
1400 
1500 
2100 
2200 
2300 
2400 
2500 
3100 
3200 
3300 
3400 
3500 
4100 
4200 
43 00 
4400 
4500 
W t .  of Spec. 
gm 
0.5674 
0.5250 
0.5491 
0.5371 
0,5470 
0.4611 
0.4411 
0,4499 
0.4535 
0.4148 
0.2245 
0.2280 
0.2207 
0.2186 
0,2301 
0.2187 
0,2153 
0.2229 
0.2163 
0.2138 
W t .  of Absorbed W t .  Ra t io  
Soln., gm Absorbed 
3.3970 5,98 
3.1424 5.99 
3 . 0519 5-56 
2 . 7296 5.09 
5.57 3.0531 
Average 5.64 
- 
W t .  of Retained W t ,  Ra t io  
Soln, ,  gm Reta ined  
2.9034 5.12 
2.7855 5,31 
2.6844 4.89 
2.5925 4.83 
4.74 2.5955 
4.98 
- 
2.5515 5.53 2.2699 4.93 
2 -4119 5.46 2.2976 5.22 
2.6325 5.84 2.3367 5.20 
2.6473 5.84 2.3108 5.09 
5.22 2 -3924 
Average 5.69 5.13 
- 5.76 2.1640 - 
0.8534 
0.8980 
0.7999 
0,8520 
0.8978 
3.80 
3.94 
3.63 
3.90 
3.90 
Average 3.83 
- 
0.8425 3-86 
0.8013 3 .73 
0.8526 3.82 
0.8035 3 -71  
3.95 0.8452 
Average 3.81 
- 
0.8534 
0.8633 
0,7852 
0,8512 
0.8978 
0 . 8443 
0.8015 
0.8327 
0.7957 
0.8076 
3 -80  
3.79 
3-56 
3 -89 
3.90 
3.79 
- 
3.86 
3 -73 
3,74 
3.68 
3.77 
3-76 
- 
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REFERENCE MARKS 
P 
S PEClM E N 
WIRE SCREEN 
CLAMPING PLATE 
Figure 14. Schematic of specimen holder used for liquid per -  
meability tests.  
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As described by Cooper and Fle i scher ,  if one a s sumes  that the asbestos  
mat  is essentially a packing of cylindrical tubes with the axes  all t r ansve r se  
to the plane of the mat ,  then, with incorporation of additional data, one may 
compute a numerical  value of porosity of the specimen. However, this com- 
putation involves severa l  idealizing assumptions that a r e  not even remotely 
real ized in asbestos  mat, and consequently the porosity value so derived is 
ficti€ious. Since the liquid permeability t e s t  i s  being surveyed in this p rogram 
mere ly  as a convenient means of comparing specimens of asbes tos  for se rv ice  
a s  a matrix, we believe that the computation of porosity values is an  unwarranted 
elaboration, and we repor t  only the raw data. 
The f i r s t  t es t s  with asbestos  specimens yielded grossly e r r a t i c  resul ts ,  
When the specimens were  pe r -  evidently because of entrapment of air pockets. 
mitted to saturate  by capillary absorption upward f rom the lower surface,  the 
data became much m o r e  coherent. 
The data (Table 4) reveal  that the specimens of the 1000 s e r i e s  (pro-  
duction start) a r e  much l e s s  permeable and much more  variable than the 
specimens of the 2000 s e r i e s  (production end). 
of permeat ion cor re la te  with the measured thickness of the d r y  specimens,  
although in the case  of the 1000-series specimens,  the permeabili ty variations 
s e e m  disproportionately great.  Moreover, the slight difference in general  
thickness of the 2000 and 1000-series specimens cannot account for the notable 
difference between the permeabili t ies of the two groups. 
Roughly, the measured  t imes 
F o r  comparison, three sheets (8. 5 x 11 inches) each of the 1000-series 
and the 2000-series mater ia l  were weighed, and the following resu l t s  were  
obtained: 
1000 ser ies  214. Og 
2000 ser ies  181. 3g 
Difference 32.7g (or  about 1570) 
Thus, the weight difference corresponds roughly with the difference in thickness 
between the two lots of millboard.  
r a t e s  is grea te r  than that predicted f rom an  exponential dependence on mat 
thickness .  Evidently, the water permeation ra te  does reveal  mat differences 
p o r e  significant than simple thickness o r  geometric density differences.  
However, the variation in water  permeat ion 
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Specimen 
1100 
1200 
1300 
1400 
1500 
2100 
2200 
2300 
2400 
2500 
3100 
3200 
3300 
3400 
3500 
4100 
42 00 
43 00 
4400 
4500 
Table 4 - Liquid  Permeability Tests 
Specimen Thkns . ( inch) 
0.0565 
0.0538 
0.0537 
0.0532 
0.0550 
0.0494 
0.0470 
0.0506 
0 . 0478 
0.0483 
0.0208 
0.0208 
0.0201 
0.0206 
0,0203 
0.0198 
0.0194 
0.0195 
0.0205 
0.0192 
Flow Time (set.>* 
978 
719 
58 6 
732 
795 
362 
317 
352 
3 65 
323 
42.5 
39.7 
39.4 
40.7 
41.3 
43.8 
41.0 
38.8 
39.1 
39.2 
* Time required t o  flow 1.12 ml. of water through a 1/2 inch diameter 
circular area of asbestos mat under an average head of 119.4 cm. of 
water . 
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Conductivity of the saturated mat .  - Electrolytic conductivity of the 
saturated mat was measured with a cell  similar to that described by Cooper 
and Fle i scher .  The cell  (diagrammed in Figure 15) spli ts  into two identical 
halves.  Each of these pieces -was machined f rom a Teflon block. When the 
specimen, with edges sealed by melted paraffin, is clamped between the 
halves,  i t  presents  a c i rcu lar  a r ea  of 1 / 2  inch diameter  to the electrolyte. 
The reference electrodes in these tes t s  were  hydrogen-generating elec- 
t rodes  operating in the same electrolyte that filled the working cell .  
Sorensen potentiostat\furnished cu r ren t  controlled at 141 ma (which is equivalent 
to 100 amp/sq .  f t .  at the specimen surface.  ) 
A 
The t e s t  procedure follows: with ze ro  cur ren t  between the working 
electrodes,  the rheostats  in the reference electrode supply circui ts  were  
adjusted for  gentle production of hydrogen and for ze ro  potential difference 
between the two reference electrodes.  Then, with 141 ma passing through 
the specimen, the potential difference between the re ference  electrodes was 
measured .  
Finally, the electrolyte was removed, the specimen was flushed out of 
the cell  by a s t r e a m  of water ,  the electrolyte was replaced, and the r e s i s t ance  
of the electrolyte alone was measured.  The la t te r  constitutes a blank measu re -  
ment,  but its relationship to the specimen measurement  is ve ry  dubious. The 
distance of separation between the two Luggin capillary or i f ices  is determined 
by the thickness of the compressed rim of the specimen, whereas  the r e s t  
of the specimen mat expands freely to severa l  t imes  its d r y  thickness.  
fore ,  the mat resis tance measured in this apparatus  per ta ins  s t r ic t ly  only to 
this  par t icular  condition of the mat and may not be applied unchanged to different 
situations. F o r  that reason, the "blank" values a r e  reported in Table 5, but 
a r e  not incorporated in the measured values for the specimens.  
cu r ren t  density is regulated a t  100 ASF, the potential a c r o s s  the specimen is  
2 converted to ohms p e r  square foot by applying the factor 10- . 
There-  
Since the 
The difference in res is tance of the 1000 and 2000-series cor re la tes  
qualitatively with the measured thicknesses of the d ry  mat, and a l so  with the 
measured  weights of the d r y  mats  (cf.  
permeabi l i ty  tes ts) .  
thickness measurement  and liquid 
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SPECIMEN J 
RFERENCE 
ELECTRODE 
WELL 
I 
I 
I _ _ _ _ _ _ _ _ _ _  J 
WORKING 
C H M E R  
- ELECTRODE 
ELECTROOES 
SPECIMEN 
POTENTIOSTAT 
Figure 15. (a) Diagram of cell  used for electrolytic conductivity 
measurements .  
(b) Electr ical  schematic of conductivity apparatus.  
W151 33 
I *  
Table 5 - Elec t ro ly t ic  Resistance 
1103 
1203 
1303 
1403 
1503 
2.103 
2203 
2303 
2403 
2503 
3103 
3203 
3303 
3403 
3503 
41 03 
42 03 
43 03 
4403 
4503 
Blank 
Blank 
B 1  ank 
A E, Volts 
0.1081 
0.1083 
0.1081 
0.0835 
0.1088 
0,0891 
0.0843 
0.0905 
0.0917 
0.0874 
0.0466 
0.0695 
0.0541 
0,0667 
0.0508 
0.0400 
0.0574 
0 . 0445 
0,0659 
0.0561 
0,0355 
0,0350 
0,0373 
R,  ohm/ft2 
10.81 x 10 
10.83 
10.81 
8-35 
10.88 
-4 
8 -91 
8 -43 
9-05 
9 -17 
8.74 
4.66 
6.95 
5 -41 
6.67 
5.08 
4.00 
5.74 
4.45 
6-59 
5.61 
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I -  
Gas permeabili ty of wet mat. - The air permeabili ty was measured  for  
specimens of the asbestos  mats  containing absorbed 40% KOH solution in the 
weight ra t io  1 : 1 and increasing to saturation. 
at hand was modified to improve its sensitivity. 
sealed by melted paraffin, was mounted in a holder which supplied a i r  under 
measured  p r e s s u r e  to the lower sur face  of the specimen. 
c i rcu lar  a r e a  of the specimen was exposed to the t e s t  gas. 
the specimen was contained by an upper chamber of the holder and conducted 
to a water  bubbler, which served to indicate and measu re  the gas flow. In the 
holder, the specimen was restrained against  the p r e s s u r e  differential by a 
metal  sc reen  directly above it. 
F o r  this purpose,  the apparatus 
The specimen, with edges 
A 1-1/4  inch diameter  
The gas  permeat ing 
Pre l iminary  experiments with bubbler design to achieve maximum 
sensitivity as  a gas  flow me te r  revealed severa l  interesting considerations.  
With decreasing orifice size,  the bubble becomes smal le r ,  but the capillary 
forces  within the bubbler tube make necessa ry  grea te r  gas p r e s s u r e s  to expel 
a bubble of gas.  In fact, with a very small diameter  tube, the gas  is re leased 
as a burs t  of bubbles. The optimum condition was attained by using a tapered 
polypropylene tube to minimize capillary effects and t r imming off the tapered 
end to obtain the optimum orifice d iameter .  
P r e s s u r e  of the air supplied to the specimen was measured  by ei ther  
a water  manometer ,  a mercu ry  manometer ,  o r  a Bourdon gage, depending on 
the p re s su re .  This provided accurate  p r e s s u r e  measurements  ranging f r o m  
a fraction of an  inch of water  to 30 psig. 
for  the depth of immers ion  of the bubbler tip (about 1 inch). 
Very low p r e s s u r e s  were  cor rec ted  
The data a r e  recorded in Table 6. Probably the most  significant 
yield f rom these t e s t s  is the gross  difference between the paper and millboard.  
The 20-mil paper specimens consistently leaked gas a t  low p r e s s u r e  dif- 
fe ren t ia l s  (about 10 inches of mercury)  even when saturated with KOH sol- 
ution. 
30 ps i  even a t  the minimum ( 1  : 1 weight ra t io)  content of KOH solution. 
On the other hand, the 60-mil millboard usually was impermeable  at 
We observed that in all cases  the gas  p re s su re  forced KOH solution 
out onto the top surface of the specimen. When the p r e s s u r e  differential 
w a s  relaxed, the f ree  solution w a s  quickly reabsorbed into the specimen. 
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T a b l e  6 - .Gas P e r m e a b i l i t y  of Wet Asberrtos 
Specimen 
I d e n t i t y  and 
Elec t r o l y t e  
Yatio . . . 
1201 1 : l  
2 :1 
3:l 
1202 1:l 
2: l  
1301 1:l 
2:l 
1401 1:l 
1501 1:l 
2:l 
3401 4:l 
5:l 
42 01 1:l 
2 :1 
Net N e t  
P r e s s u r e  Flow Rate* Specimen P r e s s u r e  Flow Rate * 
( p s i )  (Rubbles/Sec) I d e n t i f i c a t i o n  (ps i )  (Bubbles/Sec) 
6.958 
8.526 
9.065 
11.270 
14.308 
15 . 500 
16,000 
25.000 
30.000 
1.421 
1.764 
7 , 105 
9.898 
14.700 
15.000 
17.500 
20,000 
22 . 500 
25 , 000 
27,500 
30 , 000 
1.862 
9 ,408 
1,667 
.023 
,025 
.028 
.045 
.019 
.014 
-018 
-014 . 032 
, 008 
.071 . 100 
.loo 
.038 
.043 
.067 
.062 
.067 
.071 
.083 
091 
,100 
,111 
-020 
2,891 , 028 
3.675 
4.116 
4.214 
4.214 
30 . 000 
30,000 
3.773 
2 . 646 
3,773 
3 -822 
6.223 
10.535 
18 , 500 
2 1  . 000 
3,381 
3.185 
3 . 675 
4.018 
-378 
-400 
-428 
,875 
1,001 
037 
.037 
, 040 
.042 
0.000 
0.000 
, 048 
,333 
, 500 
, 083 
.125 
, 143 . 143 
,067 
-056 . 056 
,056 . 067 
,067 . 071 
,031 
, 029 
143 
1501 2: l  
2101 1 :1 
2:l 
3:l 
4:l 
2102 1:l 
2:l 
3:l 
2501 1 :1 
2:l 
3401 1:l 
2 : l  
3:l 
4:l 
4402 2:l 
3:l 
4:l 
4403 1:l 
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25.0 
25.0 
25.0 
3 . 283 
4 , 949 
7.448 
12.005 
10.241 
12,225 
14.700 
17.500 
20.000 
17.500 
20.000 
25 . 000 
17.500 
20,000 
25.000 
2 1  . 500 
18 . 000 
19,000 
30.000 
3 . 283 
2 , 009 
1 -911 
5.047 
, 143 
e125 . 111 . 059 
, 083 
,125 
,250 
.OS0 
-071 . 091 
.143 
,167 
, 033 . 040 
,071 
,016 
, 023 
,045 
, 167 . 333 
,077 
o*ooo . 100 
, 250 . 250 . 050 
25.500 . 023 
-418 
, 526 
-814 
e 900 
1.176 
1.372 
1,372 
1.519 
2 -107 
2 -597 
2.989 
12.250 
7 -840 
12.250 
1 2  eo00 
12,000 
20.000 
,407 
684 
-864 
1.813 
,036 . 034 . 050 . 040 . 048 . 056 . 050 . 050 
,059 
-059 . 062 . 143 
,071 . 143 
,100 
,100 
333 . 024 
-037 
, 043 
053 
Specimen 
Ident i ty  and 
Elec t ro ly te  
Rat io .  - _ _  
42 01 2:l  
3:l 
4:1 
43 01 1:l 
2 :1 
4401 1 :1 
N e t  
Pres su r  e 
( p s i )  
1.372 
1 667 
2 156 
2,500 
3 , 234 
3 . 578 
4.655 
,119 
,328 
,911 
5.635 
9.800 
,846 
3,773 
7,350 
1 2  ,495 
2 . 009 
4.900 
7.350 
9.800 
Table 6 (Cont'd) 
Flow Rate* Spec imen 
(Bubbles/Sec) Iden t i f i ca t ion  
4403 1:l ,031 ~ 
, 033 
,034 
, 034 2: l  
, 032 
, 028 
, 031 3:l 
,031 . 042 
,043 4:l 
,200 
, 500 
-013 4501 1:l . 040 
125 2:l 
,200 
011 
0 021 3:l 
033 - 050  - -  - 
12.250 ,071 
2:l 30.000 0.000 
3 :1 18.000 143 
18 . 000 . 125 
4402 1:l 
N e t  
Pres  s u r e  
(psi)  
2 -450 
7,350 
1 2  , 250 
2 646 
7.399 
1 2  , 225 
4,753 
7.350 
12,225 
7.350 
12.225 
, 040 . 043 
,302 
,367 
608 
,504 
-972 
5,978 
Flow Rate* 
(BubblesBec) 
-143 
,454 
-833 
100 
0333 
556 
-043 
077 
167 
, 053 
0071 
,200 
167 
,333 . 091 . 100 
143 
1,667 
,016 
2 ,450 040 
10.045 ,250 
4.900 -043 
4.900 ,083 
2: l  2.205 . 020 
* This is an a r b i t r a r y  r e l a t i v e  flow rate through a 1-1/4 inch diameter 
c i r c u l a r  a rea  of t h e  mat. 
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We suggest the following very  tentative interpretation. At the 1 : 1 
weight ra t io  of asbestos  to KOH solution, the paper  contains only one-fourth 
the saturating quantity of solution, the millboard contains only one- sixth. 
Evidently, the millboard s t ructure  i s  such that the pressure- induced migrat ion 
of some liquid produces a saturated and sealed zone nea r  the low p r e s s u r e  
side.  
sufficient thickness does not permit  a sealed zone to  develop. 
F o r  some reason, the s t ructure  of the 20-mil paper o r  its lack of 
D. Chemical Degradation 
These degradation t e s t s  consist  in maintaining specimens in KOH 
solution of 30, 40, 50, and 60 weight percent  concentration for  100 and-1000- 
hour periods a t  temperatures  of 50, 100, 150, and 2 O O O C .  Tests  at 50°C 
in 50 and 60% KOH and at 200°C in 30 and 40% KOH a r e  not required because 
these represent  nonequilibrium concentration- temperatur  e combinations for  
the KOH. 
The t e s t s  were  performed in ordinary laboratory ovens which in- 
corporate  thermostat  controls. As containers,  we used 4 ounce Teflon 
FEP bottles with screw caps.  
pera tures ,  but would not retain the water  at 150 and 200°C. 
each  bottle individually in a capsule made f r o m  standard,  2 inch threaded 
pipe nipples, closed with the threaded caps. 
a thread sealant,  and learned that only cer ta in  premium brands of Teflon 
tape a r e  effective, and only when seven o r  eight laps  of the tape a r e  applied 
to the thread. 
handle of which was lengthened with a four-foot pipe. 
These were  satisfactory at the two lower tem- 
We then sealed 
We used Teflon pipe tape for 
The caps were  then tightened with a l a rge  pipe wrench, the 
The Teflon bottles were  weighed empty and with the specimens of 
asbes tos .  
to speed the equalization of static charges  which a r e  specially troublesome 
with this plastic.  A volume of 50 ml of the KOH solution was placed in the 
bottle. Where 60% KOH was t o  be used, the appropriately weighed quantity 
of d ry  KOH pellets and volume of water  were  placed in the bottle. At the 
end of the tes t ,  the contents of the bottle were  t r ans fe r r ed  quantitatively to  
a 600 ml beaker,  diluted with much water  and permit ted to set t le .  The 
supernatant liquid was decanted through a s intered glass  fi l ter ,  and the 
washing was repeated. The final wash was very  slightly acidified with HC1 
to facil i tate complete removal of KOH, and the solid was t ransfer red  to the 
f i l t e r ,  dried,  and weighed. 
A polonium-activated dust brush was placed in the balance case  
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F o r  the lower temperature  t e s t s ,  the bottles were  capped tightly and 
placed in the oven. 
capped lightly and placed in the pipe capsule, 1 ml of water  was introduced 
to provide balancing vapor p re s su re ,  and the top cap was installed.  
capsule was then weighed to the n e a r e s t  0.  l g  and placed in the oven. 
severa l  days, the capsules were removed, allowed to cool, and weighed 
again. If there  was any significant loss ,  the capsule was opened, a new sample 
was p r e p a r e d  and resea led  in the capsule. 
negligible weight l o s s  were  accepted as valid tes t s .  
F o r  the higher tempera ture  tes t s ,  the bottles were  
Each 
After 
Only those specimens that showed 
As a resul t  of the difficulty encountered in achieving a positive vapor 
sea l ,  the tes t s  at higher tempera tures  were delayed severa l  weeks. At the 
t ime  of this reporting, the 1000 hour t e s t s  at 150°C a r e  incomplete. However, 
the 100 hour tes t s  a r e  complete, and they probably reveal  that  the chrysotile 
cannot survive even the sho r t e r  t e s t  period at high tempera tures .  The quan- 
titative resu l t s  a r e  recorded in  Table 7. 
As expected, the dissolution of specimens is g rea t e r  and faster with 
increasing t ime, temperature ,  and concentration of the KOH. However, 
with the exception of two tes t s  and the resu l t s  for  the 1000 hour, 200°C t e s t s ,  
the weight l o s ses  a t ta in  a limit of about 400/0. 
well with the value predicted (44%) on the assumption that the chrysotile is 
converted completely to insoluble Mg(OH)2 and soluble s i l icate .  
assumption is valid, the data indicate that the conversion of chrysotile to  
Mg(0H)z o r  hydrated MgO is virtually completed in 1000 hours  at 100°C and 
in 100 hours  at 150°C. 
This value corresponds quite 
If this 
The data reveal  that  natural  chrysotile is probably not a satisfactory 
ma t r ix  for  long serv ice  at tempera tures  as high as 100°C. 
however, that  the insoluble residue, i f  it re ta ins  a sat isfactory fibrous s t ruc ture ,  
m a y  be superior  to chrysotile.  
phase of the program.  
The tes t s  suggest, 
W e  shall  t e s t  this  hypothesis during the second 
E. Electrochemical Degradation 
This tes t  consis ts  essentially in subjecting the specimen to a cu r ren t  
density of 40 ASF in 40% KOH electrolyte at 100°C for 7 2  hours.  At 24 hour 
intervals ,  1 ml samples  were  d rawn  of the anolyte and catholyte, and the elec-  
t rodes  were  washed with ni t r ic  acid to remove any deposits.  The electrolyte 
specimens and electrode washings were  then analyzed spectrographically for 
identity and quantity of constituents of the asbes tos  mat. 
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These tes t s  were  performed in a V-shaped cell  machined f rom a 
Teflon block (F igure  16). 
a platinum wire  screen,  on which the specimen rested.  
was located below the electrode level, the electrolytic gases  escaped without 
entering the specimen. 
In one leg of the cell  was a shoulder to support 
Since the specimen 
The cell  was placed in a laboratory drying oven at 100°C. Electrolytic 
The requisite cur ren t  (0 .  27 amp) was provided by a 
hydrogen was vented through a tube to the exter ior  of the oven, and oxygen 
was vented into the oven. 
Sorens en potentio s tat. 
At this t ime, the spectrographic analysis  of all the specimens i s  not 
complete, but some qualitative information has  been obtained. The 40% KOH 
solution purified electrolytically for these tes t s  contained, a s  revealed by 
spectrography, very small  concentrations of magnesium, calcium, and alum- 
inum ions. These, of course,  will not be removed by electrolysis .  The 
severa l  samples  of used electrolyte analyzed were  those taken at the ends of 
the 7 2 hour tes t s ,  when the soluble impurity concentrations were  greatest .  
The concentrations of Mg, Ca, and A1 ions were  no g rea t e r  than in the or ig-  
inal  electrolyte.  Silicon was only barely detectable. 
In the f i r s t  test ,  the specimen was t h e  20-mi l  paper.  At the end of the 
f i r s t  24 hours ,  there  was a visible mottled grey deposit on the anode surface.  
The deposit did not dissolve in ni t r ic  acid. 
deposit was apparently unchanged and still insoluble in n i t r ic  acid. After 
standing overnight in the KOH electrolyte, the grey mater ia l  changed to a 
golden brown color which dissolved in n i t r ic  acid. 
a very small  quantity of brown residue appeared. 
drop  of hydrochloric acid, which was then analyzed and proved to contain iron. 
At the end of t e s t  (72 hours) the 
Upon evaporation to dryness  
It dissolved readily in a 
Three  subsequent t e s t s  were performed with 6 0 - m i l  millboard specimens.  
During the f i r s t  two of these tes ts ,  the electrodes remained bright and clean, 
and the electrolyte specimens revealed no significant concentrations of con- 
st i tuent elements of the asbestos .  During the last t e s t  (specimen 2600), very 
small amounts of brown deposit were  formed on the anode. 
readi ly  soluble in nitric acid.  
This mater ia l  was 
Analysis of this a l so  showed the presence  of iron. 
These data seem to indicate the deposition on the anode of the black 
F e 3 0 4  which, upon standing a t  room tempera ture  for several  hours,  converts to 
the red  Fe203.  
ou r  observation that i ron i s  not p re sen t  in the anolyte in spectrographically 
significant concentration. 
The appearance of i ron a t  the anode is remarkable  in view of 
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. 
DISCUSSION AND CONCLUSIONS 
Some summary comments a r e  in o rde r  he re  with r ega rd  to an overall  
view of the tes t  resul ts  reported above and how they re la te  to the function of a 
fuel cell  mat r ix .  
a baseline against  which to measure  al ternate  mater ia l s  to be tested in the next 
phase of the program. 
Of par t icular  interest  will be how these r e su l t s  can serve  as 
A sbe sto s ProDe r t ie  s 
The first set  of t e s t s  on the asbestos  were  those which described the 
basic  mater ia l  propert ies  - specifically the composition, f iber s t ructure ,  and 
sur face  a r e a  of the asbestos .  
of asbestos  i s  the i ron impurity (about 0. 85% F e 2 0 3  by weight). During the 
electrochemical tes ts ,  i ron was the only mater ia l  detected in the residue formed 
on the electrodes of the electrolysis cell .  It is evident, therefore ,  that i ron  
can be preferentially leached from the asbestos  and t ransported to the elec- 
t rodes  (pr imar i ly  to the anode) during cell  operation. 
source  of catalyst  poisoning in cells containing a n  asbes tos  separa tor .  It is 
concluded that prospective separator  mater ia l s  should not contain iron. If 
r a w  mater ia l s  do contain i ron compounds, the i ron  should be removed before 
the mater ia l  is used as a cell  separator .  
The mos t  significant factor in the composition 
This can be a possible 
The detailed f iber  morphology and surface a r e a  charac te r i s t ics  of 
asbes tos  se rve  to descr ibe some details  of the asbes tos  s t ruc ture ,  but there  
is  no apparent reason that these charac te r i s t ics  of asbes tos  can serve  a s  a 
s tandard against  which to measure  the desirabil i ty of a l ternate  mater ia l s .  
It is most  likely that the extremely small  fiber diameter  of the asbes tos  i s  
not required for the attainment of satisfactory proper t ies  in a cell  separa tor .  
This s eems  par t icular ly  t rue  when it i s  noted that mos t  of the asbes tos  f ibers  
appear  to be present  in the mat  as fiber bundles ra ther  than as separate  
f ibe r s .  
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Dry Mat P rope r t i e s  
Many of the propert ies  of the d ry  asbes tos  mat a l so  fall into the 
category of pr imar i ly  describing asbes tos  r a the r  than serving as a cr i te r ion  
for a l ternate  mater ia l s .  
propert ies .  The t e s t s  performed il lustrated the effect of f iber  orientation 
and gave some idea of sheet-to-sheet reproducibility. However, these t e s t s  
appear  to be nondiscriminating in determining i f  a given sheet  of asbes tos  
would serve  as a satisfactory separator .  
fragile but i s  strong enough to be handled so that it can be assembled  into a 
cell .  In the wet state,  it loses  most  of even this strength. It still, however, 
can apparently be accommodated in present  cell  designs. In searching for 
improved mater ia l s ,  it would be hoped that any new mater ia l  would have a t  
l ea s t  the strength of the present  asbes tos  mats (both wet and dry) ,  and any 
improvement in strength would certainly be a n  advantage. 
The tensile strength of asbes tos  mats is one of these 
In the d ry  state,  the asbes tos  mat is 
The porosity of the d ry  asbestos  mats were  measured  a s  approximately 
70  percent.  However, when the mat is wet with electrolyte,  it  swells severa l -  
fold so that the effective porosity in the operating mat probably exceeds 90 
percent .  This high porosity does represent  one of the chief advantages of 
asbestos ,  and it may be difficult to find another material that can be fabricated 
into a coherent s t ruc ture  with this high a porosity. 
Wet Mat Proper t ies  
The proper t ies  of the asbestos  mat when wet with the KOH electrolyte 
were  the most  significant t e s t s  conducted in this program.  
duction, electrolyte absorption- retention, gas  permeabili ty,  and the chemical 
and electrochemical degradation t e s t s  all revealed information which will be 
of g rea t  in te res t  in comparing al ternate  ma te r i a l s  to these chrysotile asbes tos  
mats. 
The ionic con- 
The res i s tance  to ionic conduction of the asbestos  mats ranged f rom 
about 2 to 3 t imes  that of the free  electrolyte.  
r ep resen t s  an  efficiency lo s s  in a n  electrochemical cell, th is  property is  a n  
important one in determining the desirabil i ty of a ma t r ix  mater ia l .  
p roper ty  i s  determined by the porosity and pore  s ize  of the separa tor  mater ia l .  
Since it may be difficult to obtain mater ia l s  with porosity as high as  asbestos ,  
the attainment of a desirable  value of ionic conductivity can be pursued in 
other  mater ia l s  by the dual control of porosity and pore s ize .  
Since this internal  IR drop 
This 
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The high effective porosity of asbes tos  was  again manifested in the 
electrolyte absorption and retention tes ts .  
absorbed about 3. 8 t imes  i t s  weight in electrolyte,  and the 60-mil mill- 
board soaked up about 5. 7 t imes its weight. The good wettability (low con- 
tact  angle) by KOH, and a small pore s ize  in the asbes tos  was evidenced by 
the fact that very l i t t le of the electrolyte could be removed f rom the asbes tos  
under a load of 25G's. These properties should be of par t icular  in te res t  in 
a regenerative cell in which a large electrolyte capacity in the separa tor  mat- 
e r i a l  is desired.  The excellent retention of the electrolyte under load a l s o  
indicates that the pore  s ize  is sufficiently small so that some increase  in  
p o r e  s ize  could possibly be afforded. 
retention propert ies  might be more  than compensated by a decrease  in the 
resis tance to ionic conduction in the mat. 
The 20-mil asbes tos  paper  
The resul tant  sacr i f ice  of electrolyte 
The studies of gas  permeation through wetted m a t s  a l so  indicate the 
pore  s t ruc ture  of the asbestos .  Of par t icular  in te res t  was the good sealing 
proper t ies  of the 60-mil millboard compared to the 20-mil paper .  The 20- 
m i l  paper had a very  low bubble p r e s s u r e  even when saturated,  whereas  the 
60-mil mater ia l  was "leak tight'' with a liquid content of l e s s  than one-fifth 
of i t s  saturation value. 
belt  on which the 20-mil paper is  p rocessed  leave "pin-holes" in the paper 
which become subsequent leakage paths. The thicker millboard, which i s  
made  up of multiple l aye r s  of th i s  mater ia l  t r ans fe r r ed  f rom the wool belt, 
would not have these pin holes extend through the ent i re  laminated sheet. 
Since the cell  separator  should not allow passage of gas through it during 
cel l  operation, the gas  permeation tes t  is a cr i t i ca l  one. 
will be an important cr i ter ion fo r  suitability of a cell  separator  mater ia l .  
It is possible that the ver t ical  f ibers  of the wool 
This property 
The electrolytic degradation t e s t s  yielded ve ry  l i t t le positive infor- 
mation other than the appearance of i ron oxide, principally on the anode, as  
discussed above. The significance of these t e s t s  s eems  to be that the elec- 
t rolyte  a f te r  electrolysis contained no measurable  amounts of contamination 
f r o m  the asbes tos  although iron was being t r ans fe r r ed  to the electrodes.  
However, we plan to repeat  these t e s t s  with m o r e  c r i t i ca l  spectrographic 
techniques before considering this analysis  final. 
The limiting feature  of asbestos  for cell  separa tor  use  s e e m s  to be a 
s t ra ight  forward lack of chemical compatability with the electrolyte.  
chemical degradation t e s t s  show that at 150°C and over,  the asbes tos  appea r s  
to lose weight until about 40% of the weight of the s tar t ing mater ia l  is d is -  
solved at which t ime the remaining mater ia l  is stable. 
The 
This observation will 
46 
be verified by completion of long-time t e s t s  now in  p rogres s .  However, it 
s eems  likely that this weight loss  is attr ibuted to  the s i l ica  being leached 
out of the asbestos  leaving a stable Mg(OH)2 residue. The use  of asbestos ,  
therefore ,  definitely seems  limited to tempera tures  in the 100°C range and 
lower if long-time usage is required.  
degraded asbestos  to determine if, in fact, a stable Mg(0H) ma te r i a l  is 
formed. 
phase of this program may prove to be a very  promising mater ia l  for high- 
tempera ture  use  in KOH electrolytes.  
Tes ts  will be performed on chemically 
2 If it is, then the fibrous Mg(OH)2 that will be examined in the next 
This summary discussion has  not meant to be an  exhaustive discussion 
of the t e s t  resu l t s  obtained during this  phase of the program. Rather  its aim 
has  been to highlight cer ta in  propert ies  of the asbestos  that will be of most  
i n t e re s t  in comparison with mater ia l s  to be studied in Task 11 of the program 
in a sea rch  for an improved cell separa tor  mater ia l .  Undoubtedly, as this  
study proceeds,  fur ther  significance of these resu l t s  will become apparent 
in relationship to data obtained on new mater ia l s .  
consider  these resul ts  once more  in the framework of a comparison with 
these other candidate cell  separator  mater ia l s .  
The final repor t  can then 
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